Screen-printing technology is a low-cost process, widely used in electronics production, especially in the fabrication of disposable electrodes for (bio)sensor applications. The pastes used for deposition of the successive layers are based on a polymeric binder with metallic dispersions or graphite, and can also contain functional materials such as cofactors, stabilizers and mediators. More recently metal nanoparticles, nanowires and carbon nanotubes have also been included either in these pastes or as a later stage on the working electrode. This review will summarize the use of nanomaterials to improve the electrochemical sensing capability of screen-printed sensors. It will cover mainly disposable sensors and biosensors for biomedical interest and toxicity monitoring, compiling recent examples where several types of metallic and carbon-based nanostructures are responsible for enhancing the performance of these devices.
Screen printing technology is a low-cost thick film process that has been widely used in artistic applications and more recently in the production of electronic circuits and sensors. In the 80s the process was adapted to the production of amperometric biosensors [1] [2] [3] [4] , making their commercialization much easier. This was due to the multiple advantages that the technology offers including reduced expense, flexibility, process automation, reproducibility and wide selection of materials. A huge number of successful electrochemical devices have been built using this technique [5] .
The process of screen printing is rapid and simple; it consists of squeezing an ink or paste through a patterned screen onto a substrate held on the reverse of the screen. Successive layers can be deposited by this procedure and repeat patterns can be designed onto the same screen to enhance production speed. The substrate needs to be an inert material, most commonly PVC [6] , polycarbonate [7] , polyester [8] , or ceramic [9] , although nitrocellulose [10] and glass fibre [11] are also employed. Each layer is deposited through the corresponding mask providing a specific pattern. These masks are prepared by a photolithographic technique with photosensitive gels and nylon, polyester or, stainless steel meshes.
There are mainly two types of pastes that can be used in screen printed electrode (SPE) production: conductive or dielectric inks. The conductive inks give rise to the formation of conductive tracks on the electrodes. They are based on an organic binder where gold, silver, platinum or, graphite are dispersed at high loads as conducting fillers. Recently water-based inks have also been employed [12] [13] [14] [15] . Functional materials can also be part of the formulation such as cofactors, stabilizers and mediators, and more recently nanosized metals and carbon nanotubes. Dielectric inks are often based on polymers or ceramics and form the encapsulating layer of the sensor, delimiting the working area and electric contacts.
Regarding biosensors production via screen printing, the biological component (e.g., enzyme, antibody, nucleic acid) can be added in different ways, giving rise to different 2 Journal of Sensors preparation alternatives; the deposition by hand or the electrochemical entrapment after a multilayer deposition process is the most used alternatives. Another possibility is to introduce the biological material in a printing paste, printing it as a last layer on the electrode surface or as a one step deposition layer forming a biocomposite with the rest of the ingredients [16] . However, the incorporation of the biomolecules in screen printing pastes depends on their nature and is not always possible due to the paste drying conditions that can often bring the denaturalization of the biocomponent. Some of the most commonly used configurations for screen-printing enzymatic biosensors were reviewed by Albareda-Sirvent et al. [17] . More recently, arrays have been developed with multiple working electrodes on the same printed strip, for simultaneous electrochemical detection of different analytes including phenol/pesticides [18] [19] [20] or several target sequences of hybridization in genosensors, with up to 8 working electrodes on the same strip [21] .
The design of new nanoscale materials has found a wide range of applications in the field of sensors, revolutionizing this field. They have also started to find their place in screen printed devices, bringing uncountable benefits. Among them, carbon nanotubes, nanowires and metallic nanoparticles have lately become favorite tools in the sensor area, since they can promote the electron transfer reactions of many molecules, lower the working potential of the sensor, increase the reaction rate, improve the sensibility, or in case of biosensors, contribute to a longer stability of the biocomponent. In genosensors and aptasensors the metallic nanoparticles can serve also as electroactive labels for electrochemical stripping techniques (e.g., stripping voltammetry, stripping potentiometric detection). Nanowires have also received considerable attention in nanoscale electronics and sensing devices [22] [23] [24] [25] [26] , due to their high aspect ratios, capability of multisegmented synthesis, and surface modification compatibility. Recent research supports that nanowires can be applied in biofuelcells [27] , adaptive sensors [28] , and enzymes-based electrochemical sensors [29, 30] . They are also interesting tools for magnetic control of electrochemical reactivity or to adapt on demand (bio)electrocatalytic transformations as it was shown for ethanol/methanol [29] and glucose detection [27, 31] .
The incorporation of nanomaterials in SPEs can be done following different alternative strategies. In most of the cases the addition of nanoparticles or nanotubes into screen printed inks, although possible [32] , is not an easy task. In spite of not suffering from temperature stability problems in the same extent as enzymes or nucleic acids, they are insoluble in many solvents that constitute the matrix of screen printing pastes. For these reasons, other methods have been developed that are applied after the printing. These postprinting modifications include drop casting of the working electrode with nanotubes dispersed in DMF/water [33] , Nafion [34] , polyethylenimine [35] , or DMSO [36] , or electrodeposition of metallic particles [37] . More examples will be discussed in the following sections.
There are many good reviews concerning the preparation and application of nanomaterials in electrochemical sensors [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . However, there are scarce references on them to screen printed devices as electrodic material to support these nanomaterials. On the other hand, there are articles reviewing advances in SPE sensors [16, [51] [52] [53] [54] [55] [56] [57] , but their content on applications of nanomaterials into these types of sensors is limited. In any case, there is no review, to the best of the authors' knowledge, dedicated exclusively to the application of nanotechnology to screen printed sensors. The following sections will be addressed to meet this need, covering examples of practical applications of screen printed sensors in the clinical and environmental field, explaining their basic principles and recent improvements with the use of nanotechnology.
SPE in Clinical Diagnosis
2.1. Glucose. Due to the prevalence of diabetes in the developed nations, 85% of the current market of biosensors is aimed to glucose monitoring, resulting in more than $5 billion expense [58] . Disposable screen-printed biosensors are widely employed to address this need of frequent glucose monitoring in diabetics, and they are also used in food industry for quality control. They show a superior performance compared to reflectance devices since they give a rapid and accurate answer using disposable strips with no risk of instrument contamination. This shift toward electrochemical sensing has already been accounted for companies like Roche Diagnostics, Lifescan, Abott, and Bayer giving rise to more than 40 blood glucose meters on the market.
The majority of these devices are based on screen-printed carbon electrodes modified with the enzyme glucose oxidase (GOX), which oxidizes glucose to gluconic acid. In these systems, the presence of a mediator is needed to achieve direct electron exchange between the electrode and the redox centers of GOX, since these centers are situated in the interior of an insulating glucoprotein shell which prevents the direct process [59] . There are two major types of mediators: hydrogen peroxide oxidation mediating reagents and enzymatic glucose oxidation mediating reagents. The first type is employed in sensors where the oxygen participates actively in the oxidation of glucose catalyzed by glucose oxidase forming gluconic acid and H 2 O 2 . Reduction or oxidation of H 2 O 2 occurs at high potential in nonmediated electrodes. Therefore, mediators are employed in this type of glucose biosensors to lower such potentials. This is the case of prusian blue (PB) [60] [61] [62] [63] [64] ). Instead of these mediators, metallized carbon can also be used in the working electrode as the dispersed metal particles have shown favorable catalytic activity to oxidation and reduction of H 2 O 2 . The second type of mediators, the artificial mediating reagents, offers the advantage of not requiring oxygen in the system, which is the limiting reagent in the first type of systems and thereby lowering their sensitivities.
The use of nanotechnology has served to improve both types of systems. As mentioned previously, dispersed metal particles can be used to diminish the oxidation potential of H 2 O 2 in glucose sensing without the need of mediators. If these particles are in the "nano" range, cannot only the potential be decreased but also the sensitivity enhanced. Shen et al. [32] reached this effect very recently by adding iridium nanoparticles on a screen-printable homemade carbon ink based on hydroxyethyl cellulose, polyethylenimine and a commercial carbon material. They first made a study of feasibility applying this ink on the working electrode of a 3-electrode configuration. Over the printed working electrode the enzyme (GOX) was covalently attached via glutaraldehide. They passed subsequently to successful mini disposable electrodes with a 3-electrode configuration, with a working diameter of 1 mm. These minielectrodes responded linearly to glucose between 0 to 15 mM and needed as little as 2 μL Sample volume.
Zuo et al. [65] used a silver nanoparticles-doped silica sol-gel and polyvinyl alcohol hybrid film on a PB-modified screen-printed electrode to immobilize GOX. Although they did not avoid the use of the mediator for H 2 O 2 detection (PB), they doubled the sensitivity of the sensor comparing with the biosensor without nanoparticles. The immobilized GOX remained with a 91% activity for 30 days in buffer.
The synthesis, characterization and immobilization of PB nanoparticles of 5 nm diameter have been reported [66] as mediators in Indium Tin Oxide (ITO) electrodes for the amperometric detection of H 2 O 2 . A similar strategy could be applied to SPE for the H 2 O 2 -based glucose detection.
Some other examples of nanomaterials for glucose sensing are applied to biosensors that do not require the formation of H 2 O 2 . Guan et al. [67] dispersed multiwalled carbon nanotubes (MWCNTs) within mineral oil following the procedure described by Rubianes and Rivas [68] . They mixed the MWCNT dispersion with an enzymatic solution of glucose GOX in citrate buffer and potassium ferrocianide and deposited a drop of the mix over the working electrode of screen-printed electrodes. After the drop dried they tested these electrodes (several types varying the mixing time for enzyme/MWCNT) and compared them with the corresponding type without MWCNT. It was shown that the best response toward glucose was obtained in the systems where the MWCNTs were present and had been mixed with the enzymatic solution during 30 minutes before deposition. Longer mixing time would lead to axial electron transfer. A wider linear response range and higher sensitivity was reached when the MWCNTs were present.
Lu and Chen [69] drop-coated also the working electrode of their screen-printed strips with a solution containing magnetite nanoparticles (Fe 3 O 4 ) with ferricyanide. In this case, the enzyme (GOX) was added in a later stage, after the nanoparticle-containing drop had dried. Sensitivity of 1.74 μA mM −1 was achieved. Rossi et al. [70] prepared and functionalized Fe 3 O 4 nanoparticles with amino groups to link them covalently with GOX. The GOX-coated magnetite maintained the enzymatic activity for up to 3 months. Although they could have applied this modified enzyme in screen-printed sensors, they opted for quantifying the oxygen consumption from the transformation of glucose to gluconic acid catalyzed by this enzyme by measuring the increase of the steady state fluorescence intensity of Ru(phen) 3 . This consumption of oxygen increased with the glucose concentration so glucose was able to be monitored without any surface of sensing material but directly in the solution. In spite of being an elegant approach, a digital fluorescence imaging system was required, which is a more sophisticated piece of equipment than a small portable potentiostat.
Gao et al. [71, 72] built and patented a nanocomposite membrane to be screen printed into a carbon strip using an aqueous slurry ink of a diffusional polymeric mediator (polyvinyl ferrocene coacrylamide) on a PVPAC binder and alumina nanoparticles. The nanoparticulate membrane served not only as biosensing media but also for analyte regulating functions.
Wang et al. [27] reported the possibility of modulating the electrochemical reactivity toward glucose and methanol of a screen-printed working electrode using nickel nanowires. A screen-printed carbon strip served as the working electrode and was limited by a glass cylinder to form an electrochemical cell. An Ag/AgCl and platinum wire were used as reference and counter electrodes, respectively. The nanowires were previously grown by electrodeposition into nanopores of alumina membranes, then removed from the templates, washed and stored in a KOH solution until their use. After being magnetically separated from the storing solution, they were dispersed in a NaOH solution used as electrolyte and placed in the homemade electrochemical cell. The modulation of the magnetic field was performed by placing a small magnet under the working electrode surface. The magnetic properties of nickel and its catalytical action toward aliphatic alcohols and carbohydrates entitled this action, and an enhancement of the electrochemical signal was observed when the nickel nanowires were vertically oriented with a magnetic field. Similarly, when the nanowires were magnetically orientated in a horizontal position the enhancement was produced to a lesser extent. Moreover, such modulated redox transformation was observed multiple times, upon repetitive changes of surface orientation.
Cholesterol.
The alarming increase of clinical disorders such as hypertension, heart related illnesses, cerebral thrombosis, arteriosclerosis, and coronary artery disease. due to abnormal levels of cholesterol in blood have stimulated the development of biosensors with the purpose of quantifying the levels of this compound. Besides, the quality control and nutritional labelling of foods in the food stuff industry is another application for the measurement of cholesterol [73, 74] .
The biosensing element most commonly used in cholesterol biosensors is cholesterol oxidase (ChOx), which can be immobilized in the working electrode of screen-printed sensor, catalyzing the conversion of cholesterol in presence of oxygen and water into 4 cholestene-3 one and hydrogen peroxide. As in the case of glucose biosensing, amperometric measurements of hydrogen peroxide are often monitored, and here the high potential also causes interferential problems (ascorbic acid, uric acid and other easily oxidizable species); so mediators are also required. Some commonly used mediators in cholesterol sensing are cobalt phtalocianine [75] , ferrocene derivatives [76] and phenothiazine derivatives [77] . Another possibility is also to add a mediator for cathodic determination of H 2 O 2 such as prusian blue 4 Journal of Sensors (PB) [78] , titanium dioxide [79] or metal hexacyanoferrate [80] . As in glucose sensing, there is also a possibility to avoid the route of H 2 O 2 production; in this case peroxidase (POD) can be combined with ChOx with potassium ferrocyanide. The drawback of this last route can be that the air oxidation of ferrocyanide is taking place as a competitive reaction of the enzymatic oxidation since it can affect the system. Several matrices have been employed to construct cholesterol sensors including glassy carbon or gold electrodes, graphite-Teflon, tungsten wire, ITO-coated glass and porous silicon. Advances implemented on these electrodes for cholesterol detection have been recently reviewed for Arya et al. [81] , including the application of nanomaterials. However, there are only a few reports that focus on the development of disposable cholesterol biosensor. For example, in Arya's review only three out of one hundred cited references were based on screen-printed electrodes, two of them containing nanoparticles. This is an example of how the application of nanomaterials on screen-printed cholesterol sensors is a field that is yet starting.
A collaboration between Italian and Russian scientists has led to applications of gold nanoparticles [82] and very recently MWCNT [83] on screen-printed rhodium graphite electrodes for cholesterol detection. In both cases they did not use ChOx but opted for another enzyme, cytochrome P450scc, for its specific catalysis of cholesterol side chain. An interesting review on applications of this enzymatic family in biosensors can be found [84] .
The same scientists had previously built a cholesterol sensor with this enzyme in SPE but without nanoparticles, by immobilisation of cytochrome P450scc biomolecule with glutaldehide or agarose hydrogels over the rhodium-graphite working area [85] . This sensor needed the use of a mediator for electronic transfer: riboflavin. By drop coating the working area with gold nanoparticles suspended in chloroform, they converted the electrode into a nonmediated system, since the roughness of the surface was enough to penetrate the protein matrix, reaching a sensitivity for cholesterol of 0.13 μA μM −1 . The addition of MWCNT to the electrode prior to the deposition of the electron transfer, P450scc enzyme, once the enzyme had been immobilized, would increase sensitivity more than 17 times with respect to bare electrodes, or 2.4 times with respect to the electrode containing gold nanoparticles. This catalytic effect is shown in Figure 1 . Although the sensitivity to cholesterol was of the same order as using the gold nanoparticles, the linearity in the response improved significantly in the range of 10 to 80 μM.
Li et al. [86] also proved the electron transfer improvement with MWCNT in an electrode containing ferrocyanide, POD, ChOx and cholesterol estearase. They performed clinical trials in blood of 31 patients with the biosensor showing fairly good correlation between this method and the results obtained by a clinical blood analyzer.
Hybridization Sensors.
The detection of specific sequences of DNA is a booming field due to its applications for diagnosis of pathogenic and genetic diseases, forensic analysis, drug screening and environmental testing. Different strategies can be used for the detection of DNA in sensors, among them the most useful tools are the intrinsic electroactivity of nucleic acids [87] , the use of DNA duplex intercalators [88] , the labelling with enzymes [89] , or the addition of electroactive markers [90] .
Metallic nanoparticles (NPs) have emerged as appealing electroactive markers in electrochemical sensors, especially in stripping voltammetry. This technique is cheap, simple and fast in comparison with optical methods in which commercial DNA chips are based. Another advantage of the use of nanoparticles in DNA hybridization sensors is their multiplexing capability, being able to recognize different molecules in the same sample due to the distinct voltammetric waves produced by different electrochemical tracers [91] . Additionally, their life cycle is much longer than other markers, making their use even more attractive.
Although most of the work of application of metallic nanoparticles for DNA recognition events is performed in other types of electrodes (e.g., gold disks [92] , glassy carbon electrodes [93] , graphite-epoxy composite electrodes [94] , pencil graphite electrode [95] ) some examples have emerged regarding the use of SPE in combination with elements from nanotechnology and will be studied in the following paragraphs.
Wang et al. [96] developed a hybridization assay employing a combination of electrodes: a probe-modified gold surface and an SPE. The method was based on the electrostatic collection of silver cations along the DNA duplex, the reductive formation of silver nanoclusters along the DNA backbone, the dissolution of the silver aggregate with a nitric acid solution and the stripping voltammetry detection of the dissolved silver with the SPE. A scheme of the working protocol is shown in Figure 2 .
DNA segments related with the BRCA breast-cancer gene were detected to concentrations as low as 200 ng/mL with an original strategy developed also by Wang et al. [97] . It was based on the use of magnetic particles as tools to perform DNA hybridization. The assay involved the hybridization of a target oligonucleotide to probe-coated magnetic beads, followed by binding of the streptavidincoated gold nanoparticles to the capture target and catalytic silver precipitation on the gold-particle tags. The DNAlinked particle assembly was then magnetically collected onto a screen printing electrode surface with a permanent magnet positioned bellow. This way a direct contact between the silver tag with the surface was managed and the solidstate electrochemical transduction was enabled. This silver aggregate did not form in the presence of only noncomplimentary DNA. The described method did not require acidic solution or metal deposition of the silver, so the time needed for the assay was reduced. This technique of combined magnetism and metal detection is now used frequently for DNA hybridization detection not only for screen-printed sensors but also with other electrodic supports.
Suprun et al. [98] recently published the design of an SPE with gold nanoparticles (AuNPs) included in its surface as an electrochemical sensing platform of interactions from the protein thrombine and the thrombin binding aptamer. The nanostructrured DNA aptasensor had the aptamer immobilized to the AuNP by avidin-biotin linkages. Detection of a binding between aptamer (APT) and thrombin was performed by introducing the aliquots of the targets and binding-buffer onto the electrodes. The difference between cathodic peak areas in the system SPE/ AuNP/ APT/ thrombin and in the SPE/ AuNP/ APT/ buffer was measured in a stripping voltammetry with E ox = +1.2 V, and a calibration curve was built for different thrombin concentrations. The thrombin detection limit was 10 −9 M. The same detection limit (10 −9 M) was also found for a thrombin biosensor designed by Kerman and Tamiya [99] . They developed an aptamer-based sandwich assay where the primary aptamer was immobilized on the surface of the SPE and the secondary aptamer on the AuNP. The electrochemical reduction current response of the Au nanoparticles was monitored to quantify detection of thrombin.
Gold nanoparticles and stripping voltammetry were employed by Authier et al. [95] for the quantitative detection of amplified human cytomegalovirus (HCMV) DNA. In this case it was only the oligonucleotide probe which was marked with gold nanoparticles. The detection was permitted after the release of the gold metal atoms anchored on the hybrids by oxidative metal dissolution, given rise to a response with anodic stripping voltammetry at a sandwich type screen printed microband electrode. With this technique it was possible to detect 5 pM-amplified HCMV DNA fragment.
Drugs Determination.
New applications for SPE are emerging for determination of drugs in the pharmaceutical and biomedical fields. Recently Shih et al. [100] determined codeine, an effective analgesic and antitussive agent in pharmaceutical preparations. They developed a nontronite clay-modified screen-printed carbon electrode that detected codeine in urine by square wave stripping voltammetry. The codeine quantification was achieved by measuring the oxidation peak after background subtraction in voltammograms run between 0.6 and 1.3 V at a square wave frequency of 15 Hz and amplitude of 45 mV. Under these conditions they found linearity for codeine detection in the range of 2.5 to 45 μM.
Burgoa Calvo et al. [101] developed a silver nanoparticlemodified carbon SPE to detect lamotrigine (LTG), a new generation antiepileptic drug for treatment of patients with refractory partial seizures or without secondary generalization. They determined LTG by differential pulse adsorptive 6 Journal of Sensors stripping voltammetry with a detection limit of 3.7×10 −7 M. The SPE used was modified with silver nanoparticles that had been electrodeposited from AgNO 3 in an acidic BrittonRobison solution by accumulating potential during a time under stirring. They studied different parameters of silver deposition to optimize the intensity of the reduction peak at −1.06 V needed for the LTG quantification. Good agreement was found between the level stated by the manufacturer of commercial capsules and the one measured by the biosensor.
Enzymatic amperometric sensors with gold nanoparticles have just been developed [102] for the determination of Phenobarbital, a first generation of anticonvulsant drug widely used to treat epilepsy. Different electrode preparation methods were evaluated to immobilize covalently the enzyme, cytochrome P450 2B4. The best results were obtained in gold SPE modified with electrodeposited gold nanoparticles and with the cytochrome attached covalently by Mercapto Propionic Acid/ Nhidroxysuccinimide with N-(3-dimethylamoinopropyl)-Nethylcarbodiimide hydrochloride, or in carbon SPE functionalised with diazonium salt. The former covalent attachment in gold SPE without nanoparticles did not give any response to Phenobarbital. The same research group detected another antiepileptic drug, leveticeratum, by carbon screenprinted electrodes [103] but in this case without modification by nanoparticles, using peroxidase immobilization by pyrrole electropolimerization.
Martinez et al. [104] designed an MWCNT-modified SPE for Methimazole (MT) determination in pharmaceutical formulations. MT is used as a drug to manage hyperthyroidism associated with Grave's disease, but it has side effects as possible decrease of white blood cells in the blood. The designed sensor consisted of a rotating disk together with an MWCNT-modified graphite SPE (the working electrode was drop casted with a dispersion of the MWCNT in a mixture of methanol, water and Nafion). The rotating disk contained tyrosinase immobilized in its surface, which catalyzed the oxidation of catechol (C) to o-benzoquinone (BQ). The back electrochemical reduction of BQ was detected on MWCNTmodified graphite SPE at −150 mV versus Ag/AgCl/NaCl 3 M. Thus, when MT was added to the solution, this thiolcontaining compound participate in Michael type addition reactions with BQ to form the corresponding thioquinone derivatives, decreasing the reduction current obtained proportionally to the increase of its concentration. This method made possible the determination of MT for concentrations from 0.074 to 63.5 μM with a reproducibility of 3.5%.
Ethanol Quantification.
Quantification of ethanol is useful not only in clinical diagnostic analyses but also in fermentation and distillation processes. The amperometric biosensing response of ethanol can be based in two approaches: using alcohol oxidase (AOX) or alcohol dehydrogenase (ADH) as catalytic enzyme [52] . In the first case AOX is employed to catalyze the formation of aldehydes and detections (glucose, cholesterol). This is the case of the screen-printed sensor designed to determine ethanol in beer, built by Boujtita et al. [105] , using cobalt phthalocyanine as mediator.
The second approach uses the action of the enzyme ADH catalyzing the oxidation of ethanol or other primary alcohols (excepting methanol) following Scheme 1. This mechanism was used by Liao et al. [107] to built an ethanol biosensor with ferricyanide-magnetite nanoparticles as mediator. They used the two-step immobilization method that Lu and Chen [69] had previously employed for glucose sensing. The method involved drop coating the carbon working electrode with a mix of 
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The use of nickel nanowires with SPE for ethanol/glucose detection was previously revised in the Section 2.1. Additionally, multi-segmented nickel-gold-nickel nanowires were recently employed in the detection of ethanol [29] . The principle of use was similar to the procedure reported for glucose/ethanol [27] , but in this case the electrodic support to control magnetically the orientation of the nanowires was not a screen printed electrode but a glassy carbon disk.
SPE for Detection of Environmental Pollutants
3.1. Pesticides. The use of organophosphorus and carbamate pesticides in agriculture has risen exponentially in the last decade causing public concern regarding the environment and food safety. For this reason, many examples of screenprinted electrodes have been proposed for detection of pesticides to substitute other techniques such as HPLC that require trained personnel and can be time consuming and tedious. Most of the screen-printed biosensors are enzymatic systems based on cholinesterase (ChE) inhibition, alone or in combination with choline oxidase (CHO), or noninhibition systems based on organophosporus hydrolase (OPH). However the applications of the later are quite limited since OPH is not a commercial enzyme. Few examples have also been reported using tyrosinase as biocomponent. Andreescu and Marty [108] compiled in a good review the advances in cholinesterase biosensors, describing immobilization procedures, different designs and configurations including screen printing electrodes and practical applications. However, there is only one reference related to the use of nanomaterials on pesticide detection with SPE. The appearance of more work in this area will entitle us to complete that work.
Lin et al. [109] modified in 2003 the classical system of amperometric bienzymatic biosensor for pesticide detection that was used from the late 1980s (see Scheme 2) applying multiwalled carbon nanotubes covalently linked to the enzymes. The MWCNT were dispersed in DMF and dried over the carbon working area of the screenprinted electrode; they created carboxylic groups in their surface. Both enzymes were then immobilized by forming amide linkages with the MWCNT using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as coupling agent. Performing amperometric detections at 500 mV parathion was detected in buffer, without the use of mediators obtaining a linear calibration curve from 50 to 200 μM and a low detection limit of 0.05 μM.
Cai and Du [110] reported very recently the detection of Carbaryl using an MWCNT-based composite in screen-printed carbon electrodes. The nanotube containing composite was used to modify the other classic approach of pesticide detection: the monoenzymatic approach using cholinesterase to catalyze the hydrolysis of thiocholine (see Scheme 3). Since thiocholine is already electroactive, its oxidation is the reaction to be studied, without the need of a second enzyme. When pesticides are present they inhibit the catalysis of thiocholine formation and a decrease in the signal is observed. Classically, this approach is used with mediators in the system (CoPh, PB) and the amperometric study of thiocholine oxidation can be performed at a low oxidation potential such as 100 mV. However, Cai and Du, avoided the use of mediators with the use of the MWCN-crosslinked cellulose acetate composite, with the cholinesterase covalently bounded to it. This was possible due to the catalytical activity of the nanotubes toward the oxidation of the enzymatically produced thiocholine. The percentage of inhibition of the thiocholine oxidation signal for different concentrations of Carbaryl was obtained by quantifying the peak current at the 535 mV oxidation peak that appeared in cyclic voltammetry before and after inhibition. The detection limit of this sensor for Carbaryl was 0.004 μg/mL concentration (equivalent to a 10% decrease in signal).
A carbon nanotube-modified screen-printed sensor combined with a flow-injection system has been built very recently [106] for the assessment of salivary cholinesterase enzyme activity as an exposure biomarker of pesticides. The modification of the carbon screen-printed electrode was performed by drop casting of an aqueous dispersion of MWCNT, leaving it to dry naturally over the working electrode. A diagram of the flow injection system with the incorporated SPE is shown in Figure 3 . A quick and noninvasive approach was reached to determine pesticide exposure by measuring the activity of cholinesterase in rat saliva via the electrochemical monitoring of oxidation of thiocholine production (see Figure 3) . In this case the enzyme is not immobilized in the SPE but present in the saliva.
Metals.
Although essential metals play an integral role in the life processes of living organisms being catalysts in biochemical reactions or essential nutrients, some other metals have no biological role (such as silver, aluminium, cadmium, gold, lead and mercury). High concentrations of most metals, regardless of being essential or nonessential are toxic for living cells [111] . Thus, there is a growing demand for rapid, inexpensive and reliable sensors for measurement of metals not only in the environment but also in biomedical and industrial samples. In this sense, SPE can be of great use for metal detection since it has been proved that they give comparable results to those obtained by more expensive, laboratory-based techniques [112] .
In the past five years, research has been developed on the use of the enzyme urease as biorecognition element in screen-printed biosensors for the detection of metal ions [113] [114] [115] . However, no records have been found for urease inhibition-based SPE containing metallic-or carbon-based nanomaterials.
On the other hand, there are many other examples of screen-printed sensors without including any enzyme or biorecognition element (i.e., sensors, not biosensors) for metallic ion detection (see Figure 4) and some of them have seen improvements by the incorporation of nanomaterials. This section will focus on them. In most of the cases they are based on voltammetric stripping analysis, a technique that traditionally was undertaken by Hg electrodes and [108] . With permission from Elsevier. that is one of the most sensitive alternatives for metal ion determination.
Domínguez-Renedo et al. [37] have recently published the detection of chromium (VI), a strong carcinogenic and toxic species, by means of an SPE modified by electrochemical deposition of metallic nanoparticles. Both gold and silver nanoparticle-modified electrodes were tested toward Cr (VI) by differential pulse voltammetry. For the electrode preparation, the silver deposition was similar to the procedure described by this group for lamotrigine detection [101] (see Section 2.4). For the electrodes that were modified with gold nanoparticles, a solution of 0.5 M H 2 SO 4 containing 0.1 mM of AuClO 4 was used for the electrochemical deposition of gold at the graphite working electrode, at a potential of 0.18 V during 200 seconds. While the best results in terms of sensibility (4 × 10 −7 M) and reproducibility (%RSD = 3.2) were obtained by the gold nanomodified sensors, the silver-modified ones offered no interference in presence of any tested metallic ion (gold-modified sensors showed interference with Cu(II) in concentrations higher than 10 −5 M). The same preparation techniques for silver and gold nanoparticles in SPE were employed a year earlier to detect Sb (III) [116, 117] . In that case, the detection was performed using anodic stripping voltammetry. A sensitivity of 6.8 × 10 −10 M was reached in the case of silver nanoparticles, while 9.4×10 −10 M was measured in the case of gold nanoparticles. Common interferants in anodic stripping voltammetry (such as bismuth) did not affect the electrochemical response of these sensors.
Nanogold-modified SPEs were also employed to detect As(III) [118] . In this case the working electrode was previously treated with Triton X-100 solution. The goldnanoparticles were obtained dissolving poly (L-lactide) in THF containing HAuCl 4 with posterior addition of NaBH 4 . The poly-L-lactide-established nanoparticles were then drop coated on the pretreated working electrode. Differential pulse anodic stripping voltammetry was also used here obtaining a linear calibration curve up to 4 ppb of As(III) with a detection limit (S/N = 3) of 0.09 ppb. Using the same types of electrodes, an indirect method to detect traces of hydrogen sulphide was developed [119] by measuring the inhibited oxidation current of As(III). The detection limit for hydrogen sulphide was 0.04 μM.
Other Pollutants.
Nitrites can contaminate water, foodstuff and environmental matrices by conversion into carcinogenic nitrosamines. Its quantitative determination is therefore of increasing interest. There is a large number of electrochemical sensors developed with this purpose [120] [121] [122] [123] [124] [125] [126] [127] , some of them including nanomaterials [122] [123] [124] [125] [126] [127] [128] [129] [130] but only one example [131] has been encountered using SPE and nanotechnology. The later work consisted of the immobilization of hemoglobin (Hb) into SPE containing colloidal gold nanoparticles incorporated into carbon ink. An unmediated sensor was thus created with sensitivity for nitrites of 0.1 μM. The colloidal gold nanoparticles decreased the background current, improved the conductivity, amplified the electrochemical signal, helped to retain the bioactivity and accelerated the electron transfer rate.
Hydrazine and its derivatives are potential reducing agents of environmental and toxicological significance. The application of SPE for the detection of this compound was performed already in 1995 for Wang and Pamidi [132] . They printed only the working electrode as a strip containing cobalt phtalocianine or modified with mixed valent ruthenium and detected hydrazine spiked samples with concentrations of 10 −5 M by amperometric and voltammetric measurements. No biomolecule was required. More recent work [133] includes the application of copper-palladium alloy nanoparticle plated screen-printed electrodes in a flow injection analysis system, reaching a linear detection range of 2-100 μM and a detection limit of 270 nM. The SPE, prepared under successive electrochemical deposition of Cu and Pd, showed and enhanced hydrazine electrocatalytic response at low detection potentials in neutral media.
Conclusions and Perspectives
This review has summarized recent applications of nanotechnology in thick film electrochemical sensors. Apart from a revision of the state of the art for this printing technique, the article has gathered different types of screen printing sensing devices by application topic. In every topic a brief introduction has been given to explain the mechanism of detection, followed by examples of nanotechnology applications, emphasizing on the preparation of the (bio)sensor and its response. The reported examples have shown situations where metallic nanoparticles and carbon nanotubes have been valuable for screen-printed sensors in different ways. The same was demonstrated with MWCNT in pesticide detection. (ii) As labels or electroactive markers for stripping voltammetry. Metallic nanoparticles were used to improve detection in SPE genosensors, to test drugs, or to detect metallic pollutants in SPE sensors.
(iii) To retain the bioactivity of enzymes once they have been immobilized in the sensor, as it was the case of gold nanoparticles with hemoglobine in nitrite sensors.
(iv) To eliminate interferences, as the Au and Ag nanoparticles in Sb sensors, where the interference of bismuth is not observed.
(v) To improve the sensitivity of the devices. The increase in the surface area of the working electrode generally leads to more sensitive responses.
As summary, the coupling of electrochemical screenprinted sensors with nanoscale materials is being used as a tool for improved sensitivity, longer stability of the bioelement in biosensors and new detection possibilities. The application of nanomaterials in this type of electrochemical devices is still in progress and literature continues to grow and broaden. Although the use of nanotechnology in screenprinted sensors may not be the only key needed to solve some problems faced occasionally by these sensors (e.g., selectivity in some applications), it is certainly a step forward, and the implemented improvements are multiplying the future possibilities of these disposable sensor devices.
